The mechanisms underlying natural phenotypic diversity are key to understanding evolution and speciation. Cichlid fishes are among the most speciose vertebrates and an ideal model for identifying genes controlling species differences. Cichlids have diverse visual sensitivities that result from species expressing subsets of seven cichlid cone opsin genes. We previously identified a quantitative trait locus (QTL) that tunes visual sensitivity by varying SWS2A (short wavelength sensitive 2A) opsin expression in a genetic cross between two Lake Malawi cichlid species. Here, we identify Rx1 (retinal and anterior neural fold homeobox) as the causative gene for the QTL using fine mapping and RNAseq in retinal transcriptomes. Rx1 is differentially expressed between the parental species and correlated with SWS2A expression in the F 2 progeny. Expression of Rx1 and SWS2A is also correlated in a panel of 16 Lake Malawi cichlid species. Association mapping in this panel identified a 413-bp deletion located 2.5-kb upstream of the Rx1 translation start site that is correlated with decreased Rx1 expression. This deletion explains 62% of the variance in SWS2A expression across 53 cichlid species in 29 genera. The deletion occurs in both the sand and rock-dwelling cichlid clades, suggesting that it is an ancestral polymorphism. Our finding supports the hypothesis that mixing and matching of ancestral polymorphisms can explain the diversity of present day cichlid phenotypes.
Introduction
How new species evolve is one of biology's great questions. Ever since Darwin first proposed that speciation occurs slowly by selection on natural variation, evolutionary biologists have tried to identify the mechanisms and processes that contribute to divergence (Darwin 1859; Gavrilets and Losos 2009 ). Many studies of evolutionary model organisms have focused on morphological adaptations to different habitats and ecologies (Losos et al. 1998; Schluter 2000; Grant and Grant 2002; Hohenlohe et al. 2010) . However, sensory systems also play a key role in speciation through sexual selection (Endler 1992; Boughman 2002; Ryan et al. 2007 ). Visual communication is particularly important for mate choice among the cichlid fishes of the Great African lakes. Sister species share similar morphologies and behaviors, but are distinguished by the bright color patterns that males display to attract mating females (Albertson et al. 1999; Danley and Kocher 2001; Allender et al. 2003) . African cichlid color vision is also quite diverse, with visual sensitivities differing dramatically among sister taxa (Hofmann et al. 2009 ). In Lake Victoria, differences in cichlid visual pigment sensitivity between sister taxa have been demonstrated to contribute to cichlid speciation through sexual selection for conspicuous male colors (Seehausen et al. 2008; Miyagi et al. 2012) .
There are numerous mechanisms for generating differences in cichlid visual sensitivities. Visual sensitivity is determined by photoreceptors that detect light using visual pigments. Visual pigments are composed of an opsin protein, bound to a chromophore, typically 11-cis retinal. Although mutations in the opsin sequence that alter amino acids closely associated with the chromophore can produce fine scale tuning of the visual sensitivity (reviewed in Yokoyama 2008), larger spectral shifts are possible by varying which opsin gene is expressed (Carleton and Kocher 2001; Hofmann et al. 2009 ).
We have developed African cichlid fishes as a model for studying how changes in opsin gene expression can tune visual sensitivities. African cichlids possess seven cone opsin genes: Three short wavelength sensitive (SWS) opsins SWS1, SWS2A and SWS2B, three rhodopsin-like (RH) opsins RH2B, RH2A and RH2A, and one long wavelength sensitive opsin LWS (Spady et al. 2006; O'Quin et al. 2011) . These seven opsins produce visual pigments that range in spectral sensitivity from ultraviolet to red wavelengths. In general, three to four of these seven opsins are expressed in the retina of a given species at a given time (Carleton 2009 ). There are three common combinations of opsin gene expression among cichlid species, which we refer to as the short, medium, and long wavelength visual palettes (table 1). As variation in opsin expression among closely related species is adaptive for different environments and lifestyles (Carleton 2009; Hofmann et al. 2009; O'Quin et al. 2010) , we aim to understand the molecular basis for how opsin expression is regulated in African cichlids. Identifying the genetic factors controlling opsin expression will help us understand how divergence of visual systems has contributed to the adaptive radiation of African cichlids (Seehausen et al. 2008) .
A genome-wide quantitative trait loci (QTL) study of 115 F 2 progeny from one genetic cross recently identified six loci controlling opsin expression differences (O'Quin et al. 2012 ).
Here, we present fine mapping and candidate gene studies for the major QTL that controls differential expression of the SWS2A opsin gene. We implicate regulatory changes of the retinal anterior neural fold homeobox-1 (Rx1) gene as a causative factor for SWS2A expression differences across a majority of the Lake Malawi cichlid flock. We further show that the putative causative polymorphism in the Rx1 promoter is sorting across 53 species from 29 different genera, suggesting that the deletion was inherited as an ancestral polymorphism in the early ancestors of the Lake Malawi radiation.
Results

Fine Mapping of Major QTL Controlling SWS2 Opsin Expression
We previously made a cross between two sand-dwelling Malawi cichlids, Aulonocara baenschi and Tramitichromis intermedius that express the medium and long palettes, respectively (O'Quin et al. 2012 ). Here we focus on gene expression changes of the single cone photoreceptors, which express the SWS opsin genes. The single cones of Au. baenschi express SWS2B, whereas those of T. intermedius express SWS2A. We previously identified a QTL on linkage group (LG) 23 using restriction-site-associated DNA markers, which has a strong association with SWS2B (logarithm of odds [LOD] score 13.1) and SWS2A (LOD 11.6) expression.
We confirmed and fine mapped the QTL using nine genetic markers, which span 10.2 Mb on LG23 of the cichlid map (linkage groups numbered according to the genetic map for the riverine cichlid Oreochromis niloticus). The markers were genotyped in 320 F 2 individuals. Using R/QTL (Broman and Sen 2009 ) we defined a 6-Mb-long 95% confidence interval (CI) that encompasses scaffolds 40 and 168 of the Metriaclima zebra genome assembly version 1.1 (www. bouillabase.org, last accessed May 27, 2014; fig. 1A ). The M. zebra genome is the most closely related reference to the parental species of this cross, and the only reference genome sequence for Lake Malawi cichlids. The QTL marker showing the highest association with SWS2A expression, Mz23724, had a LOD value of 25.7 and explained 30% of the phenotypic variation in the F 2 progeny.
Retinal Transcriptomes Identify Candidate Genes
We used cichlid retinal transcriptomes to identify candidate genes in the 6-Mb region on LG23. We hypothesized that candidate genes were transcription factors whose expression would be correlated with SWS2A opsin expression. The retinal transcriptomes included those from the parents of the genetic cross as well as from five cichlid reference genomes (Broad Institute). The five species with sequenced genomes exhibit two different opsin visual palettes: M. zebra and Neolamprologus brichardi express the short gene palette with higher SWS1 expression and no SWS2A expression, whereas Astatotilapia burtoni, Pundamilia nyererei, and Ore. niloticus express the long gene palette with significant SWS2A expression (supplementary fig. S1 , Supplementary Material online). We calculated correlation coefficients between expression levels of SWS2A opsin and each of the genes in the 6-Mb critical region for these five cichlid species. This identified six genes with high correlation coefficients, R > 0.9 (supplementary table S1, Supplementary Material online). We next sequenced retinal transcriptomes for the parental species of this cross, Au. baenschi and T. intermedius, to identify differentially expressed genes and to further narrow our list of candidates. A number of genes were differentially expressed by more than 2-fold between these species, including 7 genes upregulated in T. intermedius and 16 genes upregulated in Au. baenschi (supplementary table S1, Supplementary Material online).
We assume that the best candidate genes will be both correlated with opsin expression across the five diverse cichlid species and differentially expressed in the two parental species. This assumes that cichlids share regulatory mechanisms because of their recent common ancestors and the sorting of ancestral polymorphisms. To identify genes that met these criteria, we plotted R 2 , the squared correlation coefficient between each candidate gene and SWS2A expression derived from the five cichlid transcriptomes, versus (F À 1) 2 , a measure of differential gene expression based on the parental transcriptomes ( fig. 1B ; see Materials and Methods). (F À 1) 2 will be zero for genes which are similarly expressed in the two parents, and it will be large and positive for differentially expressed genes.
This approach identified five genes that were both highly correlated with SWS2A opsin expression and exhibited 2-fold or greater expression differences in the parents. These five differentially expressed genes, in addition to three other 
and genes are analyzed together as RH2A as they are genetically and spectrally similar (Spady et al. 2006 ).
retina-specific candidate genes within the 6-Mb CI represent the best candidate genes for the QTL on LG23 (table 2) . Of the five differentially expressed genes, four are unlikely to act as transcription factors inducing opsin expression. These include claudin1 (important in tight junctions of epithelial cells), a hypothetical protein similar to cytochrome P450 (a catalyst for oxidative reactions), cytochrome b-c1 complex subunit 6 (important in mitochondrial respiration), and a phosphohistidine phosphatase. The fifth differentially expressed gene is a retinal and neural anterior fold homeobox (Rx) gene, a well-known retinal transcription factor that has roles in early eye development (Furukawa et al. 1997; Mathers et al. 1997; Danno et al. 2008) and is known to be expressed in photoreceptors (Perron et al. 1998; Nelson et al. 2009; Pan et al. 2010 ). The three additional retinal candidate genes that we considered in this region included Type I iodothyronine deiodinase (DIOI), LIM homeobox Lhx4, and retinoic acid receptor gamma. None of these three candidate genes is differentially expressed in the parents of the cross. Given the lack of recognized roles for four of the differentially expressed genes, the lack of variation for the three retinal candidate genes, and the strong role for the Rx gene, we focused our efforts on exploring its potential role and the Rx homolog responsible for the phenotype.
Phylogeny and Synteny Analyses Identify Rx1 as a Potential Regulator of SWS2A Opsin
Fish and other vertebrates have multiple homologous Rx genes. In cichlids, there are three paralogs Rx1, Rx2, and Rx3.
To identify which of these was located in our QTL, we compared all three paralogs with their orthologs in other species. Kimura et al. 2000) . We found multiple binding sites, including several clustered in a 50-75 bp region approximately 250-bp upstream of the SWS2A translation start site (TSS). All five of the sequenced cichlid genomes (Broad Institute) have this cluster as well as additional Rx1 binding sites ( fig. 2 ). The number of binding sites in the cluster (and the total upstream of SWS2A to the next gene) for each species is as follows: N. brichardi has 3 in the cluster (5 total); M. zebra, P. nyererei, and As. burtoni have 4 in the cluster (7 total); and Ore. niloticus has 5 in the cluster (8 total). For comparison, we searched the promoters of SWS2B and LWS opsin, which are in a tandem array with SWS2A. All five species have only one Rx1 binding site upstream of LWS opsin, and only two of the five species have an Rx1 binding site upstream of the SWS2B opsin. This analysis reveals that the promoter region upstream of SWS2A is significantly enriched for Rx1 binding sites relative to nearby opsin genes (Wilcoxon signed-rank test [P = 0.029] or phylogenetically corrected t-test [P = 0.004 vs. SWS2B and P = 0.0098 for LWS]). This supports our hypothesis that Rx1 regulates SWS2A gene expression in cichlids.
In addition to Rx1, other studies have found that Otx/Crx binding sites (GATTA) are also critical for expression of SWS2 opsins (Takechi et al. 2008) . Takechi et al. (2008) located four Crx sites that are found in the SWS2 promoter of Da. rerio. These same four binding sites are present in the SWS2A promoter of Oryzias latipes and all five cichlids including M. zebra and Ore. niloticus ( fig. 2) . However, Da. rerio and Ory. latipes only have one Rx1 binding site. This finding suggests that the additional Rx1 binding sites were acquired along the cichlid lineage, and they may confer additional cichlid SWS2A sensitivity to Rx1.
Rx1 and SWS2A Expression Is Positively Correlated in Numerous Malawi Cichlids
If Rx1 is acting as a transcription factor controlling SWS2A expression in our hybrid cross, then Rx1 and SWS2A expression should be correlated in the F 2 progeny. We tested expression of Rx1 in the retinas of 35 mature F 2 hybrids from our genetic cross, using real-time quantitative reverse transcription polymerase chain reaction (RT-PCR). We found a significant positive correlation between Rx1 and SWS2A expression (P < 0.001, R 2 = 0.44; fig. 3 ). Ideally, we would have liked to perform allele specific expression to confirm that differences in cis-regulatory control of the Rx1 gene were responsible for Rx1 expression variation in the hybrid cross. However, no differentially fixed polymorphisms were identified in Rx1 coding sequence or untranslated regions (UTRs) between the parents of the hybrid cross.
Given the recent ancestry of Lake Malawi cichlids and the prevalence for shared polymorphism in this group, we next predicted that Rx1 and SWS2A expression should be correlated across a broad range of Lake Malawi cichlids. We tested this hypothesis in a panel of 16 diverse species that not only Expression is quantified by realtime quantitative RT-PCR from retinal cDNA. Rx1 and SWS2A expression is normalized to Gnat2, the cone photoreceptor-specific transducin, to account for differences in starting retinal tissue material. encompass both the sand-dwelling and rock-dwelling clades but also include representatives for each of the three opsin palettes (O'Quin et al. 2011) . We found that Rx1 expression was correlated with SWS2A expression in this panel (P = 0.03) and explained 29% of the variance in SWS2A expression ( fig. 4 ). Once again, species exhibiting greater Rx1 expression also had greater SWS2A expression. This observation suggests that the genetic basis of SWS2A expression could be common across a large diversity of Lake Malawi cichlids.
A Common Polymorphism within the Rx1 Promoter and SWS2A Expression Are Strongly Correlated
To identify the causative regulatory change that controls Rx1 expression, we searched the gene's promoter region in the two T. intermedius and four Au. baenschi parents of the cross. We sequenced 4-kb upstream of the Rx1 gene. PCR amplification of the promoter revealed three drastically different allele sizes among T. intermedius and Au. baenschi. This region was further analyzed in the 16-cichlid panel of Lake Malawi cichlids where we found a near perfect association of allele size and opsin palette designation among these species (data not shown). Sequencing of the alleles in these 18 tested cichlid species revealed three insertions and one deletion ( fig. 5A ; GenBank accession numbers KJ191467-KJ191484). The insertion/deletions (indels) are defined relative to Rx1 promoter sequence of the cichlids P. nyererei (Lake Victoria) and As. burtoni (Lake Tanganyika) that we take to represent the ancestral allele (supplementary table S2, Supplementary Material online). Two of the largest insertions (A and C,~3.0-and 2.3-kb upstream of the TSS, respectively) are observed in only one species each and, therefore, do not contribute to widespread variation in Rx1 expression. The third insertion (B) was found to be a common polymorphism observed in all long palette cichlids tested. It is located approximately 2.7-kb upstream of the Rx1 TSS and is approximately 430 bp in size. This polymorphism could not be completely sequenced in all species due to a long stretch of dinucleotide repeats ((TA) 9 (CA) 32 in Dimidiochromis compressiceps) that contributed to some variation in length among species. Finally, there exists a 413-bp deletion (E) spanning approximately 2.5-2.9 kb of P. nyererei observed in 11 of the 12 short and medium palette cichlids. As the long palette cichlids have an approximately 430-bp insertion within the 413-bp sequence deleted in short and medium palettes, these alleles differ by approximately 835 bp.
We further analyzed this region in 35 additional Lake Malawi cichlid species whose opsin expression patterns have previously been quantified and phylogenetic relationships ascertained (Hofmann et al. 2009 ). These additional cichlids were genotyped for presence or absence of the approximately 835-bp region by PCR on an agarose gel. Three examples of heterozygous individuals were found for the region and confirmed via sequencing. Presence or absence of the 413-bp deletion explains 62% of the observed variation in SWS2A expression among the 53 Lake Malawi cichlid species tested ( fig. 6 ), whereas the approximately 430-bp insertion explains 45% of the variance (supplementary table S2, Supplementary Material online). The difference in percent variance between these two indels is fully explained by the T. intermedius parental genotypes for these two loci. The two fathers of the cross are homozygous for presence of the 413-bp sequence but distinctively homozygous or heterozygous for absence of the approximately 430-bp sequence ( fig. 7) . This is in contrast to all other SWS2A-expressing long palette Malawi cichlids we examined which have the approximately 430-bp insertion. We note that the T. intermedius parents of the hybrid cross were not obtained from Cape Maclear like the majority of cichlids in our study.
Using transcription factor binding analyses (JASPAR; Bryne et al. 2008) for the 413-bp sequence, we identified a Sox2 binding site (CCACTGACATGCAAA; JASPAR score 0.86). Danno et al. (2008) have demonstrated that Sox2 activates transcription of tetrapod Rax, a homolog of Rx1. This is consistent with our findings that cichlid species with SWS2A expression also have higher Rx1 expression and the Sox2 binding site in their Rx1 promoter.
We tested other indels and single nucleotide polymorphisms (SNPs) surrounding the Rx1 TSS to see whether they segregated with the 413-bp deletion. Two indels, an 11-bp repeat (D) approximately 600-bp upstream of the 413-bp deletion site and a 418-bp deletion (F) in the first intron of Rx1, were not correlated with SWS2A expression (fig. 5A ). We sequenced SNPs surrounding the 413-bp deletion in the 16-species panel and parental species. Two SNPs in addition to the 413-bp deletion could explain a large percentage of the variation in SWS2A expression among analyzed species (R 2 = 0.56 and 0.53; supplementary table S2, Supplementary Material online).
Comparative Phylogenetic Analysis
We finally assessed the potential association of Rx1 regulatory polymorphisms and SWS2A expression in the 53 Lake Malawi 
FIG. 4.
Rx1 expression is correlated with SWS2A expression in a panel of 16 Lake Malawi cichlid species (R 2 = 0.29, P = 0.03). Expression is quantified by real-time quantitative RT-PCR from retinal cDNA. Rx1 and SWS2A expression is normalized to Gnat2, the cone photoreceptorspecific transducin, to account for differences in starting retinal tissue material.
cichlids, while controlling for phylogenetic relationships (Hofmann et al. 2009 ). We used the phylogenetic generalized least squares method as implemented in Caper (Orme et al. 2012) . We found that the 413-bp deletion was significantly associated with decreased expression of SWS2A (R 2 = 43.4%; fig. 5B ), even after Bonferroni-correction for multiple comparisons (t = 6.44, df = 53, P = 8.40 Â 10 À7 ). Furthermore, this deletion and the approximately 430-bp insertion were the only two polymorphisms significantly associated with SWS2A expression after correction for phylogenetic relationships and multiple comparisons ( fig. 5C ). Given the diverse evolutionary histories and genetic backgrounds of these unrelated cichlid species, as well as the presence of a second QTL of smaller effect that also contributes to SWS2A opsin expression in our hybrid cross, it is remarkable that the association between the 413-bp deletion and opsin expression has persisted for so long and in so many species. Of the species with <10% SWS2A expression, 38/38 have the deletion. Conversely, seven of eight species with >60% SWS2A expression lack the deletion, and instead have the 413-bp sequence with the Sox2 binding site ( fig. 7) . These results suggest that the 413-bp deletion upstream of Rx1 is an ancestral polymorphism that has contributed to variation in cichlid SWS2A opsin expression and photoreceptor sensitivity for much of the history of the Lake Malawi cichlid species flock.
Discussion
We have fine mapped a QTL on LG23 and identified Rx1 as the transcription factor controlling SWS2A expression in our hybrid cross. This QTL has a LOD score of 25.7 and explains 30% of the variance in the 320 F 2 individuals examined. The causative effect of the Rx1 gene is supported by the correlation of its expression with that of SWS2A opsin. This correlation occurs in the parents of the cross, their F 2 progeny (P < 0.001, R 2 = 0.44), five cichlid species with sequenced genomes (R 2 = 0.64), and a diverse panel of 16 cichlid species from Lake Malawi (P = 0.03, R 2 = 0.28). In each of these correlation studies, we have fit the data with a linear correlation. However, a linear effect need not be expected. It is possible that Rx1 acts in a threshold manner where once its abundance exceeds some threshold, SWS2A expression is turned on. We also note that the effects of a second QTL contributing to SWS2A expression have not yet been controlled for (since it has not yet been identified). In spite of these caveats, Rx1 expression explains a significant portion of the SWS2A expression variation among different Lake Malawi cichlid species. Given the function of Rx1 in other species, it is an ideal candidate to explain the SWS2A variation that we observe. The cichlid Rx1 gene is orthologous with Da. rerio Rx1 and tetrapod Rax2 genes like Xenopus Rx-L, and human QRX. These gene products regulate photoreceptor gene expression and photoreceptor cell differentiation from retinal progenitor cells (Wang et al. 2004; Nelson et al. 2009; Wu et al. 2009; Pan et al. 2010) . In contrast, the better characterized tetrapod Rax and Da. rerio Rx3 proteins function during the initial stages of eye specification and contribute to the proliferation and maintenance of retinal progenitor cells (Furukawa et al. 1997; Mathers et al. 1997; Zuber et al. 2003; Pan et al. 2010; Muranishi et al. 2011) . Studies have shown that Rx1 is important for expression of the SWS2 gene in Da. rerio. Nelson et al. (2009) found that Da. rerio Rx1 controls gene expression of all photoreceptor types including SWS opsins whereas Rx2 controls only LWS opsins. This is consistent with the role of Rx1 in cichlids though our findings suggest that its role may have narrowed to specifically control the expression of SWS2A.
To identify the causative mutation(s) that might contribute to differences in Rx1 expression, we compared cichlid reference genomes and also sequenced 4 kb of the promoter 5 0 of Rx1 in the T. intermedius and Au. baenschi parents of the cross. We identified a 413-bp sequence that is found in T. intermedius, P. nyererei, and As. burtoni, species high in SWS2A expression, but deleted in both Au. baenschi and M. zebra, which do not express SWS2A. This deletion is 2.5-kb upstream of the Rx1 TSS and contains a Sox2 binding site near its 3 0 -end. Sox2 is known to regulate the tetrapod Rax gene (Danno et al. 2008) and removing this binding site may downregulate Rx1. This deletion explains 62% of the variation in SWS2A expression across a diverse set of Lake Malawi cichlids. Although there are two additional SNPs correlated with SWS2A opsin expression, these correlations are not significant after correcting for phylogenetic dependence.
The 413-bp deletion is shared across 42 cichlid species out of 53 surveyed from 29 different genera, which includes species from the rock-dwelling, sand-dwelling, and pelagic groups in Lake Malawi (Konings 2007) . These include some of the most phylogenetically and ecologically divergent cichlids in the lake, such as the predators Aristochromis chrysti and Tyrannochromis macrostoma, planktivorous sand dwellers such as Copadichromis eucinostomus and Lethrinops aurita, as well as a diversity of rock dwellers including Labeotropheus trewavasae and Melanochromis auratus. These fish vary in size from the smallest zooplanktivore, Cynotilapia afra (7 cm) to the weed scraper Hemitilapia oxyrhynchus (20 cm) to the predators Nimbochromis linni (30 cm) and Dimidiochromis kwinge (30 cm). It seems highly unlikely that this deletion is being shared among these 29 different genera through hybridization. Therefore, we suggest that this deletion is the result of sorting of an ancestral polymorphism that was likely present in some of the earliest species in the lake.
As observed in other organisms, ancestral alleles present in standing genetic variation occur at higher frequencies than de novo mutations and therefore are more likely to become fixed, and to fix at a faster rate, when selected (Barrett and Schluter 2008) . Standing genetic variation is known to be important for evolution of traits in other systems. In sticklebacks, the allele for low armor plate number is thought to be present worldwide at low frequency. This allele is selected independently in multiple populations, whenever sticklebacks colonize freshwater habitats (Colosimo et al. 2005) . Standing genetic variation likely explains adaptation in other systems including pigmentation phenotypes in mice (Domingues et al. 2012) , olfactory preferences in apple maggot flies (Powell et al. 2012) , adaptation to subterranean habitats by cavefish (Bradic et al. 2013) , and human adaptation (Fu and Akey 2013) .
Sorting of ancestral polymorphism, from standing genetic variation, could be an important source of diversity for rapidly diverging species such as cichlids. Recent studies of SNPs from Lake Malawi cichlids showed that many of these polymorphisms are found in fishes outside of Lake Malawi (Loh et al. 2008 (Loh et al. , 2013 . Standing variation for a gene controlling color pattern sorts among genera in Lake Malawi (Roberts et al. 2009 ). Standing variation for LWS opsin coding sequence sorts within and even among lakes (Terai et al. 2002; Seehausen et al. 2008; Hofmann et al. 2009 ). Therefore, sorting of ancestral polymorphism seems a likely source of phenotypic variation in cichlid fishes. Several other regulatory variants have been found that are shared amongst a few rock dwelling cichlid genera to alter color pattern (Roberts et al. 2009 ) or jaw morphology (Roberts et al. 2011) . The finding presented here is the first example of a regulatory polymorphism contributing to phenotypic variation and sorting across the entire Lake Malawi flock. This variation in opsin expression has created some of the most diverse visual systems known in vertebrates and likely facilitated divergence of cichlids through ecological specialization and sexual selection (Seehausen et al. 2008) .
One alternative to adaptation from standing variation is that variants may be introgressed into a particular species from a donor species (Hedrick 2013) . Hybridization and introgression are likely important in cichlid radiations (Seehausen 2004) . Based on the fact that variation in the Rx1 regulatory region is sorting throughout the Lake Malawi radiation, the regulatory deletion had to arise early in the history of the flock, prior to the divergence of most of the genera. We cannot distinguish between the scenario where a small amount of standing variation was brought with the colonizers of the newly formed lake and the scenario that a new mutation became introgressed into the young flock soon after it formed. This is equivalent to determining whether the mutation initially arose inside versus outside the lake. This will require future study to examine lineages thought to seed Lake Malawi to look for evidence of the existence of the allele in species currently living outside of the lake.
Conclusion
We have identified the Rx1 gene as controlling abundance of the blue sensitive SWS2A visual pigment. Rx1 is a transcription factor important in differentiation of retinal progenitor cells that also plays a role in photoreceptor gene expression. Expression of Rx1 is correlated with SWS2A opsin expression in the progeny of a genetic cross, across a panel of 16 Lake Malawi cichlid species, and across five cichlids including several from outside Lake Malawi. We have located a 413-bp deletion, containing a Sox2 binding site within the promoter of Rx1. This deletion is highly correlated with SWS2A expression across 53 species in 29 genera of Lake Malawi cichlids. This suggests that the allele appeared early in the history of the flock and is sorting today from ancestral polymorphism.
Materials and Methods
Cichlid Study Species
The diversity of cichlid opsin genes and their differential expression in different species enables us to examine the genetic basis of opsin gene expression. Cichlid opsins are expressed in one of two cone types. Double cones are two cones joined together, which in cichlids typically contain different long wavelength (RH2 or LWS) opsins in the alternate members of the pair. Single cones are surrounded by four pairs of double cones and contain one of the three SWS opsins. In previous work, we analyzed a cross between two Lake Malawi cichlid species. These species were selected because they differ in opsin expression and were easy to cross in the lab. They do not co-occur in Lake Malawi. Tramitichromis intermedius expresses the long visual palette (SWS2A, RH2A, and LWS), whereas Au. baenschi expresses the medium palette (SWS2B, RH2B, and RH2A).
To complement these two species, we have analyzed additional cichlid species. These species were collected from Lake Malawi near Cape Maclear from rocky habitat on the south side of Thumbi West Island or sandy habitat at Otter Point. These two localities are 1.6 km apart. We first selected a panel of 16 species, which makes with the two cross species a set of 18 taxa. This set of 18 included six taxa from each of the three visual palette groups (short, medium, and long). We have previously examined the opsin regulatory regions for these 18 individuals (O'Quin et al. 2011) . In this work, the 16-panel species were used to test for correlations between Rx1 and SWS2A gene expression. We then added 35 additional taxa, for a total of 53 Lake Malawi cichlid species, to examine the regulatory sequence around the Rx1 gene. Data for the opsin gene expression values, clade, visual palette, habitat, and foraging style of each of these 53 species are given in supplementary table S1 of Hofmann et al. (2009) . The clade, visual palette, and SWS2A expression (as percent of single cone opsin expression) are reproduced here in supplementary table S2, Supplementary Material online.
In addition to the Lake Malawi taxa, we also utilized the five cichlid genomes newly sequenced by the Broad Institute. These include: M. zebra (Lake Malawi), P. nyererei (Lake Victoria), As. burtoni (riverine/Lake Tanganyika), N. brichardi (Lake Tanganyika), and Ore. niloticus (riverine). These genomes are available at http://www.bouillabase.org/ (last accessed May 31, 2014).
F 2 Phenotyping
Our previous QTL study genotyped 115 F 2 by restriction-siteassociated DNA sequences (Etter et al. 2011; O'Quin et al. 2012 ). Here, we sampled 448 F 2 offspring from four families, which utilized two T. intermedius sires and four Au. baenschi dams. All F 2 offspring were raised to at least 6-month postfertilization (sexual maturity) and euthanized with MS-222 (Argent Laboratories, Redmond, WA). DNA was extracted from fin clips with DNeasy Blood & Tissue Kits (Qiagen). Total RNA was isolated using the RNeasy Mini Kits (Qiagen), and reverse-transcribed into cDNA with a poly-T primer and SuperScript III Reverse Transcriptase (Invitrogen). Relative opsin gene expression was measured using real-time quantitative RT-PCR using Taqman probes (Carleton 2011) . Here, we focus on the SWS2B/SWS2A opsins expressed in single cones as these are the genes associated with the expression QTL on LG23.
Fine-Mapping of Genetic Factors Controlling Opsin Gene Expression
We fine mapped the QTL on LG23 that explained 30% of the variation in SWS2A expression in the Au. baenschi and T. intermedius cross (O'Quin et al. 2012) . Eight microsatellite markers and one SNP were genotyped in 288 F 2 progeny on an Applied Biosystems 3730xl (primers in supplementary table S3, Supplementary Material online). To minimize the QTL interval size, an additional 160 individuals were genotyped at two LG23 markers to identify recombinant individuals over the quantitative trait locus peak. This effort yielded 32 recombinant individuals. Opsin expression was measured for these recombinants and genotypes were obtained for the remaining QTL markers. Therefore, 320 individuals were genotyped across the QTL region. Single marker regressions were calculated for preliminary analysis. The final QTL analysis was mapped with R/QTL (Broman and Sen 2009) using the multiple imputation interval mapping method.
Identification and Testing of Candidate Genes
Candidate genes were identified by analyzing retinal transcriptomes for five cichlid species: Ore. niloticus (riverine), N. brichardi (Lake Tanganyika), As. burtoni (riverine), P. nyererei (Lake Victoria), and M. zebra (Lake Malawi). We mapped the 23,339 Ore. niloticus genes from NCBI RefSeq (release 53) onto each of the five genome assemblies using GMAP (Wu and Watanabe 2005) . We aligned the retinal transcriptomes reads using Tophat2 (Kim et al. 2013) , and used Cufflinks and Cuffdiff to generate differential expression (Trapnell et al. 2012) . Correlation coefficients were calculated for each candidate in the QTL region with SWS2A opsin expression. To identify candidate genes that were differentially expressed in the parental species, we sequenced retinal libraries on an Illumina HiSeq 1000. Libraries were generated for two pooled samples: 1) Two T. intermedius and 2) four Au. baenschi. Reads were aligned against the M. zebra genome and analyzed using Cufflinks/Cuffdiff to produce FPKM (fragments per kilobase of transcript per million reads) values for each of the NCBI RefSeq gene models. The ratio of expression for each gene (F) was then calculated as either T. intermedius/ Au. baenschi or Au. baenschi/T. intermedius. Ratios that were greater than one were then used as the values of F in calculating (F À 1) 2 . We assumed that potential candidate genes were those that were both differentially expressed in the parents of the cross and correlated with SWS2A expression, across the five cichlid genome species. Therefore, we plotted the ratio for differential expression between the parents of the cross, (F À 1) 2 , versus R 2 , the square of the correlation coefficient for that gene with SWS2A expression across the five cichlid retinal transcriptomes.
Syntenic and Phylogenetic Verification of Rx1
The genomic structure surrounding Rx genes in teleosts and tetrapods was used to confirm the identity of Rx1. The Ensembl Genome Browser was used to download the genes surrounding Rx homologs in Gasterosteus aculeatus, Tetraodon nigroviridis, Takifugu rubripes, Ory. latipes, Da. rerio, Ore. niloticus, Xenopus tropicalis, Gallus gallus, Mus musculus, and Homo sapiens.
Phylogenetic trees were constructed to confirm the identity of Rx1. Cichlid amino acid sequences for Ore. niloticus and M. zebra Rx homologs were predicted from genomic sequences using Genewise (Birney et al. 2004 ). Amino acid sequences from Rx homologs in Da. rerio, G. aculeatus, H. sapiens, Bos taurus, M. musculus, Rattus norvegicus, Canus lupus familiarus, G. gallus, and X. laevis were obtained from NCBI Homologene (http://www.ncbi.nlm.nih.gov/homologene/, last accessed May 27, 2014). Amino acid sequences were aligned using Mafft (Katoh et al. 2002) and used to calculate maximum likelihood trees using PhyML (Guindon et al. 2009 ) on the Mobyle Pasteur web site (http://mobyle. pasteur.fr/cgi-bin/portal.py, last accessed May 27, 2014). The tree used the LG amino acid transition matrix (Le and Gascuel 2008) and was rooted using the Dr. melanogaster Rx gene (CAA11241.1). Bootstrap values were determined from 100 tree replicates.
Testing for Correlations between Rx1 and SWS2A Expression Expression of Rx1 was quantified by real-time quantitative RT-PCR using Taqman primers following the same methods as for the opsins. Rx1 and SWS2A expression were normalized by the expression of Gnat2 the alpha subunit of the G protein transducin that is expressed in all cone cells (primers in supplementary table S4, Supplementary Material online). RT-PCR was done using 0.5 ml of cDNA in a 20-ml reaction which included 10 ml of Applied Biosystem's 2Â Taqman mix, 2 ml each of forward and reverse primers (3 mM) and 2 ml of the Taqman probe (2 mM). The probe was dual labeled with either FAM/BHQ1 or Cy5/BHQ2. RT-PCR was performed on a Roche Light Cycler with an initial 10-min activation at 95 C followed by 40 cycles of 95 C (10 s)/55 C (30 s)/65 C (1 min). The expression relative to Gnat2 was calculated from
ð1 + E i Þ C tðiÞ , where T i is the relative expression of gene i normalized to that of Gnat2, E i are the PCR efficiencies, and C t are the critical thresholds determined by RT-PCR.
Analysis of Opsin Regulatory Regions for Transcription Factor Binding Sites Using JASPAR
The promoter of the SWS2A opsin along with the neighboring SWS2B and LWS genes was searched for binding of the putative transcription factor Rx1. We also searched for binding sites of cone rod homeobox (Crx), which is known to be important in cone gene expression (Kimura et al. 2000; Takechi et al. 2008 ). Regulatory regions upstream of Rx1, including the 413-bp deletion were also analyzed. JASPAR was used to either target specific transcription factors (Rx1, Crx) or testing all available vertebrate transcription factors. Factors with relative scores of >80% were reported.
Analysis of Rx1 Enhancer Region
The Rx1 promoter (4 kb) was PCR amplified and sequenced using Big Dye Terminators (Applied Biosystems; primers in supplementary table S5, Supplementary Material online). Following phylogenetic comparative methods used in our previous studies (Hofmann et al. 2009; O'Quin et al. 2010 ), we measured the association of several polymorphisms located upstream of Rx1 with log-transformed SWS2A opsin expression in a panel of 53 cichlid species from Lake Malawi using the R-package "caper" (Orme et al. 2012 ). This package tests for correlations while correcting for phylogenetic relatedness using a phylogenetic generalized least squared method. It models evolution using Brownian motion and produces similar results to the phylogenetic independent contrast methods of Felsenstein (1985) and Pagel (1992) . Because of the difficulty of producing phylogenetic trees for the rapidly evolving cichlids, we used three different trees including the broad phylogenetic relationship of the rock-and sand-dwelling species, the genera-level relationship of different species, and mitochondrial phylogeny (Hofmann et al. 2009 ). All trees produced similar results.
